A common feature of drugs of abuse is their ability to increase extracellular dopamine levels in key brain circuits. The actions of dopamine within these circuits are thought to be important in reward and addiction-related behaviors. Current theories of addiction also posit a central role for corticotrophin-releasing factor (CRF) and an interaction between CRF and monoaminergic signaling. One region where drugs of abuse promote robust rises in extracellular dopamine levels is the bed nucleus of the stria terminalis (BNST), a CRF-rich component of the extended amygdala. We find that dopamine rapidly enhances glutamatergic transmission in the BNST through activation of a combination of D 1 -and D 2 -like receptors. This enhancement is activity-dependent and requires the downstream action of CRF receptor 1 (CRF-R1), suggesting that dopamine induces CRF release through a local network mechanism. Furthermore, we found that both in vivo and ex vivo cocaine induced a dopamine receptor and CRF-R1-dependent enhancement of a form of NMDA receptordependent short-term potentiation in the BNST. These data highlight a direct and rapid interaction between dopamine and CRF systems that regulates excitatory transmission and plasticity in a brain region key to reinforcement and reinstatement. Because a rise in extracellular dopamine levels in the BNST is a shared consequence of multiple classes of drugs of abuse, this suggests that the CRF-R1-dependent enhancement of glutamatergic transmission in this region may be a common key feature of substances of abuse.
Introduction
Drugs of abuse are thought to exert their effects on behavior through alterations of function in multiple, specific brain regions. A number of studies have demonstrated that addictive substances can alter glutamatergic synaptic plasticity in the mesolimbic dopamine system, both in the dopaminergic neurons of the ventral tegmental area (VTA) (Ungless et al., 2001 (Ungless et al., , 2003 Borgland et al., 2006) and the medium spiny neurons located in the nucleus accumbens (NAc) (Thomas et al., 2001 ). In addition, there is increasing evidence that neuropeptide-dependent signaling mechanisms are critically involved in mediating the behavioral effects of drugs of abuse (Sarnyai et al., 2001; Borgland et al., 2006; Specio et al., 2008) . In particular, several studies have demonstrated that the neuropeptide corticotrophin-releasing factor (CRF) modulates the function of dopaminergic neurons in the VTA (Ungless et al., 2003; Riegel and Williams, 2008; Wanat et al., 2008) . Furthermore, it has been demonstrated that the bed nucleus of the stria terminalis (BNST), a component of the extended amygdala, is a source of this CRF in the VTA (Rodaros et al., 2007) .
The BNST exerts a potent influence on VTA dopaminergic neuron firing (Georges and Aston-Jones, 2002) . Additionally, it projects to both the lateral hypothalamus (Dong and Swanson, 2004) and paraventricular nucleus of the hypothalamus (Choi et al., 2007) , regions thought to be critically involved in anxiety (Walker et al., 2003) and addiction-related behaviors (Kauer and Malenka, 2007) . Similar to components of the classical reward circuitry, acute exposure to a range of abused substances (e.g., alcohol, morphine and cocaine) increases extracellular dopamine (Carboni et al., 2000) and activates neurons in a dopaminedependent manner in the BNST (Valjent et al., 2004) . Moreover, pharmacological disruption of dopamine signaling in this region can alter both cocaine (Epping-Jordan et al., 1998) and alcohol-seeking (Eiler et al., 2003) behaviors. To date, however, there has been no investigation of the action of dopamine on cellular or synaptic function in the BNST. In the current study, we directly assessed the ability of dopamine to modulate neuronal function in the BNST using an ex vivo slice preparation. Our studies here demonstrate a rapid and robust enhancement of excitatory transmission by dopamine in this region. Additionally, we find that the actions of dopamine are activity-dependent and require intact CRF receptor 1 (CRF-R1) signaling, suggesting that dopamine is causing release of CRF in the BNST. Our data demonstrate an acute interaction of the dopamine and CRF systems at a circuit level that involves dopaminergic regulation of CRF function rather than the converse.
Materials and Methods
Brain slice preparation and electrophysiology. All procedures were performed according to Vanderbilt University Institutional Animal Care and Use Committee approved procedures. Brain slices were prepared from 6-to 8-week-old male C57BL/6 mice, and recordings were performed as described previously (Weitlauf et al., 2004; Kash and Winder, 2006; Kash et al., 2008) . For whole-cell voltage-clamp recordings, AMPA-mediated spontaneous EPSCs (sEPSCs) were recorded from a holding potential of Ϫ70 mV and pharmacologically isolated by adding 25 M picrotoxin to ACSF [ACSF: (in mM) 124 NaCl, 4.4 KCl, 2 CaCl 2 , 1.2 MgSO 4 , 1 NaH 2 PO 4 , 10.0 glucose, and 26.0 NaHCO 3 ]. sEPSC recordings were acquired in 2 min gap-free blocks. Recording electrodes for voltage-clamp sEPSC experiments were filled with (in mM) 135 Cs ϩ -gluconate, 5 NaCl, 10 HEPES, 0.6 EGTA, 4 ATP, 0.4 GTP, pH 7.2, 290 -295 mOsmol. Recording electrodes for current-clamp experiments were filled with (in mM) 135 K ϩ -gluconate, 5 NaCl, 10 HEPES, 0.6 EGTA, 4 ATP, 0.4 GTP, pH 7.2, 290 -295 mOsmol. For experiments in which the effects of antagonists were determined, the antagonist was applied for at least 15 min before application of the agonist and then remained on for at least 10 min following removal of agonist. In the experiments where 100 nM CRF and 300 nM Urocortin 1 were applied, the application lasted for 15 and 10 min respectively to ensure sufficient slice wash-in. For current-clamp experiments, before application of dopamine, cells were held at least 10 min, or until the resting membrane potential stabilized.
For field recordings, following dissection, slices were transferred to an interface chamber where they were perfused with heated (29 -30°C) oxygenated ACSF at a rate of 2 ml/ min. Slices were allowed to equilibrate for at least 1 h before recording. A bipolar nichrome stimulating electrode was placed dorsally to the recording electrode within the dorsal-lateral BNST (dlBNST) such that stimulation of the field resulted in a distinguishable N1 [the tetrodotoxin (TTX)-sensitive fiber volley estimate] and N2 [6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)-sensitive synaptic response]. Baseline recordings at a stimulus intensity that produced ϳ40% of the maximum response were recorded for at least 20 min before applying drug or tetanizing the slice. Field recording experiments in which cocaine was applied without stimulation/recording were found to have no significant difference from those in which the slice was recorded from throughout the time course (supplemental Fig. 1 A, B , available at www.jneurosci.org as supplemental material) (Student's t test, p ϭ 0.59). As such, both types of experiments were grouped together in our measurements. Throughout the experiment the N1 was monitored for changes that would indicate a change in the estimate of the number of fibers excited or alterations in the health of the slice and experiments were not included in the analysis if N1 amplitudes changed by Ϯ20% of baseline recordings for longer than 10% of the recorded points. For data analysis, recordings were normalized to the 10 min before tetanus. All recordings were made using either Clampex 8.2 or 9.2 and analyzed using Clampfit 9.2 (Molecular Devices).
Statistical analyses. Statistical analyses were performed using Microsoft Excel, GraphPad Prism, Microcal Origin, and MATLAB 7.4. Specifically, when determining if a compound had a significant effect, a Student's paired t test was used, comparing the baseline value to the experimental value. To compare the effects of different antagonists on cocaine-induced alterations in function, a one-way ANOVA was used, followed by Tukey's post-test to determine the significance of specific comparisons. To assess drug effects on short-term potentiation (STP), the area under the curve was calculated and used for statistical analysis. To estimate the area under the curve the percent above baseline for each 1 min bin for 0 -20 min after the tetanus was calculated and summed together for each experiment. Mean and variance were then calculated. All values given for drug effects throughout the study are presented as average Ϯ SEM. For results given in figures, significance is noted in the figure legend. For results not included in figures, significance is noted in the text. Pharmacology. The drugs cocaine (Sigma, National Institute on Drug Abuse), flupenthixol (Sigma), NBI-27914 (Sigma), Astressin-2B (Tocris), SCH23390 (Tocris), sulpiride (Tocris), picrotoxin (Tocris) and DL-APV (Tocris) were bath applied at final concentrations which are noted in the experimental design. Dimethylsulfoxide (DMSO) is the solvent used for stock solutions of NBI27914 where the maximum final concentration of DMSO was 0.02% by volume.
Knock-out animals. D 1 R knock-out (KO) breeder animals extensively backcrossed onto C57BL/6J were obtained from Dr. Gregg Stanwood (Department of Pharmacology, Vanderbilt University Medical Center, Nashville, TN) and were generated as previously reported (Stanwood et al., 2006) .
Colchicine injections and immunohistochemistry. C57BL/6 male mice, 10 -12 weeks old, were group housed and provided with food and water ad libitum. On the day of surgery, mice were anesthetized with tribromoethanol (dissolved in tert-amyl alcohol and diluted to 2.5% with sterile saline just before use; 0.12-0.22 ml/10 g body weight, i.p.) and placed in a stereotaxic apparatus (myNeuroLab). Angle Two software was used for setting an injection target within one of the lateral ventricles (coordinates were 0.48 mm posterior to bregma, 1.0 mm lateral to the midline and 2.8 mm below the skull surface). Surgery and postoperative care were performed as described previously . Each mouse was given a single intraventricular injection of colchicine (20 g in 2 l of sterile saline) at 50 nl/min using a WPI nanoinjector fitted with a 5 l syringe and 34 gauge needle. Postsurgical care included subcutaneous saline (1.0 ml per 20 g of body weight) and analgesic (buprenorphen, 0.1 mg/kg) injections every 12 h. After surgery (24 -36 h), mice were overdosed with Nembutal (100 mg/kg, i.p.) and perfused through the left ventricle of the heart with ice-cold phosphate buffered saline (10 ml) followed by cold 4% paraformaldehyde (20 ml). Brains were removed, postfixed for 24 h at 4°C in the same fixative and then cryoprotected in 30% sucrose. 40 m coronal sections of forebrain were cut on a cryostat (Leica, CM 3050 S) and stored in PBS before fluorescent immunohistochemical staining.
Brain sections containing the BNST were washed in 4 changes of PBS, incubated for 1 h in PBS plus 0.5% Triton X-100, incubated for 2 h in PBS plus 0.1% Triton X-100 and 10% normal donkey serum, washed, and then incubated with mouse anti-tyrosine hydroxylase monoclonal antibody (Immunostar, 1:2000) , rabbit anti-CRF polyclonal anti-serum (Peninsula Laboratories, 1:1000) for 48 h at 4°C, washed (4 ϫ 10 min), incubated with CY5-conjugated F(abЈ) fragment donkey anti-rabbit IgG (Jackson ImmunoResearch, 1:400) and CY2-conjugated F(abЈ) fragment donkey anti-mouse IgG (Jackson ImmunoResearch, 1:150) overnight at 4°C. Stained slices were then washed (4 ϫ 10 min), mounted on slides with Aquamount and imaged with a Zeiss LSM510 confocal microscope. Images were analyzed with Zeiss LSM Image Browser software.
Results

Dopamine produces activity-dependent enhancement of spontaneous glutamatergic transmission through D 1 -and D 2 -like dopamine receptors
We measured sEPSCs recorded from neurons located in the dlBNST ( Fig. 1 A) (average basal frequency, 1.8 Ϯ 0.4 Hz; average basal amplitude, 22 Ϯ 2 pA, n ϭ 16) ( Fig. 1 B, representative trace). We focused on this particular region of the BNST based on previous findings that (1) neurons in this region have been shown to be activated by acute administration of drugs of abuse (Valjent et al., 2004) ; (2) it receives a dopaminergic input ( Fig. 1 A) (Meloni et al., 2006; Healey et al., 2008) ; and (3) multiple substances of abuse promote robust rises in extracellular dopamine levels in this region (Carboni et al., 2000) . We focused our efforts on modulation of sEPSCs instead of evoked EPSCs because of the complex nature of the glutamatergic projections to the BNST. To test the hypothesis that dopamine modulates glutamatergic synaptic transmission in the dlBNST, dopamine (1 M) was bath applied for 5 min while spontaneous glutamatergic transmission was monitored using whole-cell patch-clamp recordings in acutely prepared mouse brain slices. We found that this brief dopamine application resulted in a transient increase in the frequency of sEPSCs (198 Ϯ 51% of basal frequency, p Ͻ 0.05, n ϭ 10) (Fig. 1C,E) . Additionally, there was a modest, but significant effect on sEPSC amplitude (120 Ϯ 10% of basal frequency, p Ͻ 0.05, n ϭ 10) (Fig. 1 D) with no apparent effect on the kinetics of the sEPSC (Fig. 1 D, inset, normalized sEPSC trace). We then examined the ability of different concentrations of dopamine to modulate spontaneous glutamatergic transmission in the dlBNST. We found that dopamine exhibited a concentrationdependent enhancement of spontaneous glutamatergic synaptic transmission ( Fig. 1 E) (100 nM dopamine, 100 Ϯ 3% of basal frequency, n ϭ 5; 300 nM, 130 Ϯ 6% of basal frequency, n ϭ 5; 50 M, 165 Ϯ 39% of basal frequency, n ϭ 6) ( Fig. 1 F) (100 nM dopamine, 98 Ϯ 3% of basal amplitude, n ϭ 5; 300 nM, 99 Ϯ 2% of basal amplitude, n ϭ 5; 50 M, 109 Ϯ 10% of basal amplitude, n ϭ 6).
Dopamine can act at adrenergic receptors (Malenka and Nicoll, 1986 ) in addition to dopamine receptors. Thus, we wanted to establish whether dopamine was enhancing spontaneous glutamatergic transmission in the dlBNST through activation of dopamine receptors. We found that preapplication of either a D 1 -like receptor antagonist (SCH23390, 3 M, 94 Ϯ 6% of basal frequency, n ϭ 5) or a D 2 -like receptor antagonist (sulpiride, 1 M, 101 Ϯ 7% of basal frequency, n ϭ 4, 10 M, 113 Ϯ 10% of basal frequency, n ϭ 7, data not shown) prevented dopamineinduced increases in sEPSC frequency (Fig. 2 A, B ) and sEPSC amplitude (Fig. 2C,D) . Additionally, we found that neither SCH23390 (3 M, 83 Ϯ 14% of basal frequency, n ϭ 4; 99 Ϯ 7% of basal amplitude, n ϭ 4) nor sulpiride (1 M, 96 Ϯ 5% of basal frequency, n ϭ 4; 103 Ϯ 5% of basal amplitude, n ϭ 4) alone altered sEPSC amplitude or frequency, suggesting a lack of tonic activation of D 1 -and D 2 -like receptors in the dlBNST. Furthermore, we found that in slices obtained from D 1 R KO mice, dopamine did not alter sEPSC frequency (99 Ϯ 18% of basal frequency, n ϭ 6) ( Fig. 2 B) or sEPSC amplitude (106 Ϯ 8% of basal frequency, n ϭ 6) (Fig. 2 D) . Together, the results obtained from these converging genetic and pharmacological approaches suggest that dopamine enhances spontaneous glutamatergic transmission in the dlBNST via activation of both D 1 -and D 2 -like receptors.
To more clearly understand the mechanism of action of dopamine in the dlBNST, we next examined the ability of dopamine to modulate miniature EPSCs (mEPSCs). By examining the effect of a compound on mEPSCs, one can more precisely determine if the locus of action is pre or postsynaptic. mEPSCs were isolated by addition of the sodium channel blocker TTX (1 M) to the bath solution (average basal frequency, 1.4 Ϯ 0.4 Hz; average basal amplitude, 23 Ϯ 1 pA, n ϭ 10). Surprisingly, we found that in the presence of TTX, dopamine did not alter either mEPSC frequency (95 Ϯ 5% of basal frequency, n ϭ 5) (Fig. 2G ) or amplitude (95 Ϯ 8% of basal frequency, n ϭ 5) (Fig. 2 H) . This suggests that dopamine is acting to alter glutamatergic transmission via an activity-dependent mechanism.
To further examine the activity dependence of the dopamine regulation of excitatory transmission, we measured the ability of dopamine to modulate the excitability of neurons in the dlBNST using the current-clamp recording configuration (Fig. 3A , representative currentclamp recording). We found that dopamine had negligible effects on the resting membrane potential in the majority of the cells in the dlBNST (18 of 23) (Fig. 3B) . However, we found that in a subpopulation of neurons (5 of 23) dopamine application led to a marked transient depolarization (8.4 Ϯ 0.5 mV, n ϭ 5, p Ͻ 0.05) that partially reversed (2.4 Ϯ 1.2 mV, n ϭ 5) (Fig. 3 B, C) , inducing spontaneous action potential firing in 3 of 5 neurons and increasing current-injection-induced firing of action potentials in 4 of 5 neurons. A comparison of the properties of the neurons that were robustly depolarized by dopamine compared with those that were not dramatically altered showed no significant differences in capacitance, input resistance, resting membrane potential or presence of hyperpolarization-activated current (data not shown). The ability of dopamine to robustly depolarize a subpopulation of neurons in the dlBNST is similar to what has been previously noted with application of serotonin in currentclamp recordings in the dlBNST (Rainnie, 1999) .
Dopamine-induced enhancement of glutamatergic transmission requires CRF signaling
The combined findings that dopamine enhancement of glutamate transmission is activity dependent, and that only a subset of dlBNST neurons are robustly depolarized by dopamine suggest that dopamine could enhance glutamatergic transmission indirectly by depolarizing a subpopulation of dlBNST neurons to produce the release of a neurotransmitter or neuropeptide which then directly regulates glutamatergic transmission. Several studies, both functional (Meloni et al., 2006) and anatomical (Phelix et al., 1994) , have demonstrated an interaction between dopamine and CRF in the BNST. Indeed, a subpopulation of neurons within the dlBNST are CRF positive (Day et al., 1999; Rodaros et al., 2007) . Using dual-label fluorescent immunohistochemistry in colchicine-injected mice, we found that CRF-immunoreactive neurons in the dlBNST are closely apposed to tyrosine hydroxylase (TH) positive fibers (Fig. 4 A) , consistent with previous findings obtained using electron microscopy (Phelix et al., 1994) .
We hypothesized that dopamine alters glutamatergic trans- mission through activation of endogenous CRF signaling in the dlBNST. In keeping with this hypothesis, we found that preapplication of the selective CRF-R1 antagonist NBI27914 (Chen et al., 1996) (1 M) inhibited dopamine-induced increases in sEPSC frequency (96 Ϯ 11% of basal frequency, n ϭ 6) (Fig. 4 B) . We next examined the ability of exogenously applied CRF to modulate glutamatergic transmission in the dlBNST. We found that bath application of 300 nM CRF increased sEPSC frequency (140 Ϯ 14% of basal frequency, p Ͻ 0.05, n ϭ 6) ( Fig. 4C,E) but not sEPSC amplitude (117 Ϯ 15% of basal amplitude, n ϭ 6) (Fig. 4 D, F ) . We then examined the ability of different concentrations of CRF to modulate spontaneous glutamatergic transmission in the dlBNST. We found that CRF exhibited a concentration-dependent enhancement of sEPSC frequency (Fig. 4 E) (100 nM CRF, 100 Ϯ 3% of basal frequency, n ϭ 5; 300 nM CRF, 130 Ϯ 6% of basal frequency, n ϭ 5; 1 M CRF, 165 Ϯ 39% of basal frequency, n ϭ 6) but not sEPSC amplitude (Fig. 4 F) . Additionally, we examined the ability of Urocortin 1, an endogenous agonist of CRF receptors (Vaughan et al., 1995) , to modulate spontaneous glutamatergic transmission in the dlBNST. Similar to CRF, we found that bath application of 300 nM Urocortin 1 increased in sEPSC frequency (228 Ϯ 40% of basal frequency, p Ͻ 0.05, n ϭ 8) (Fig. 4G) but not sEPSC amplitude (104 Ϯ 5% of basal amplitude, n ϭ 8) (Fig. 4 H) .
Next, we sought to determine the receptor subtype through which CRF is enhancing glutamatergic function in the dlBNST. We found that preapplication of NBI27914 (1 M) (97 Ϯ 7% of basal frequency, n ϭ 7) (Fig. 5 A, B) , but not the CRF-R2 antagonist, Astressin-2B (100 nM) (107 Ϯ 49% of basal frequency, p Ͻ 0.05, n ϭ 5) (Fig. 5 A, B) , blocked the ability of 300 nM CRF to enhance spontaneous glutamatergic transmission. Additionally, we found that CRF did not alter sEPSC amplitude in the presence of either the CRF-R1 or the CRF-R2 antagonists (Fig. 5C,D) . Furthermore, we found that the ability of CRF to enhance spontaneous glutamatergic transmission persisted in the presence of SCH23390 (10 M, 150 Ϯ 14% of basal frequency, p Ͻ 0.05, n ϭ 4).
There have been previous reports that CRF receptors can be tonically active in slice preparations (Liu et al., 2004) . We examined the tonic-activity of CRF receptors in the dlBNST in our slice preparation by examining the ability of either NBI27914 or Astressin-2B alone to modulate spontaneous glutamatergic transmission. Interestingly, we found that application of NBI277914 led to a modest but significant reduction of sEPSC frequency (90 Ϯ 3% of basal frequency, n ϭ 4) but not amplitude (102 Ϯ 4% of basal amplitude, n ϭ 4), whereas Astressin-2B had no effect on spontaneous glutamatergic transmission (101 Ϯ 10% of basal frequency, n ϭ 5; 104 Ϯ 5% of basal amplitude, n ϭ 5). This suggests that CRF-R1 may tonically regulate glutamate release in our dlBNST slice preparation.
We then sought to determine the mechanism by which CRF was enhancing glutamatergic function in the dlBNST by examining CRF modulation of mEPSCs. In contrast to dopamine, we found that in the presence of TTX, CRF enhanced mEPSC frequency (145 Ϯ 8% of basal frequency, p Ͻ 0.05, n ϭ 5) (Fig. 5G, inset) but not amplitude (100 Ϯ 2% of basal amplitude, n ϭ 5) (Fig. 5H ) . Together, these results suggest that CRF is enhancing glutamate release through activation of CRF-R1 in the dlBNST.
In vivo recruitment of catecholaminergic signaling in the BNST induces a NMDA-receptor dependent enhancement of short-term potentiation Both dopamine (Gao et al., 2006; Navakkode et al., 2007) and CRF (Blank et al., 2002; Ungless et al., 2003) have been previously suggested to modulate NMDA receptor (NMDAR)-dependent synaptic plasticity in other brain regions. In particular, in the hippocampus, CRF has been suggested to "prime" synapses for long-term potentiation (LTP) induction (Blank et al., 2002) . To examine the effect of dopamine and CRF on synaptic plasticity in the dlBNST, we performed field recordings, as we have previously shown a robust form of stimulus induced LTP (Weitlauf et al., 2004) . To begin to determine the consequences of in vivo elevation of extracellular dopamine levels in the BNST on glutamate synapses, we gave mice a single intraperitoneal (i.p.) injection of cocaine (20 mg/kg) or saline after 4 d of habituating saline injections in a blinded design. After injection (30 min) of cocaine or control saline, brain slices were prepared and electrophysiological recordings were performed as previously described to examine effects on stimulusevoked plasticity in the BNST (Weitlauf et al., 2004) .
Local stimulation of the BNST elicits an extracellular field response consisting of two prominent downward deflections, much like in the striatum, which we refer to as N1 and N2 (Fig. 6 A, inset) . The N2, but not the N1, is eliminated by CNQX, suggesting that this portion is AMPAR mediated (Weitlauf et al., 2004; Grueter and Winder, 2005) . Stimulation of glutamatergic afferents to the BNST with a moderate stimulus protocol (two 100 Hz, 1 s trains with a 20 s interstimulus interval) elicits significant, stable, enhancement of the N2 without effect on the N1 (Fig. 6 A, circles) (n ϭ 12). This enhancement is NMDAR-dependent (Fig. 6 D, closed squares) (n ϭ 8) as previously described (Weitlauf et al., 2004) . In animals receiving cocaine, there was transient (ϳ20 min) enhancement of the field potential posttetanus, which we refer to as STP (area under curve from minutes 0 -20 post-tetanus: saline, 517 Ϯ 104 relative units, n ϭ 12 from 8 saline-treated animals; cocaine, 1097 Ϯ 193 relative units, n ϭ 7 from 6 cocaine-treated animals, p Ͻ 0.01) (Fig. 6A) .
Dopaminergic signaling within the dlBNST mediates cocaine enhancement of STP
The in vivo effects of cocaine on subsequent ex vivo STP in BNST slices could reflect local actions of cocaine on catecholamine fibers in the BNST, or it could result from larger network effects of the in vivo cocaine. To differentiate between these possibilities, we prepared slices containing the BNST from naive mice, and bath applied cocaine before highfrequency stimulation. Addition of 3 m cocaine for 30 min did not alter basal transmission (Fig. 6C, squares) (n ϭ 9); however, this cocaine application produced an enhancement of STP when a tetanus was given 60 min following washout (Fig. 6C) (n ϭ 9) (Fig. 6 E, F ) (n ϭ 14.37, p Ͻ 0.01). This enhancement was specific to STP as LTP measured 50 min post-tetanus was not altered by cocaine (supplemental Fig. 1C , available at www.jneurosci.org as supplemental material) ( p ϭ 0.45). Blockade of NMDA receptors with DL-APV (100 M) similarly attenuated LTP whether cocaine was preapplied or not (Fig. 6 D) (n ϭ 8 each) (Fig. 6 E) , suggesting that cocaine-induced enhancement of STP is NMDAR-dependent. Thus, the effect of ex vivo cocaine on STP was similar to the effects of in vivo cocaine administration.
In addition to dopaminergic input to the BNST there are also other monoaminergic inputs, including a dense projection of noradrenergic fibers from nucleus tractus solitarius (NTS) through the ventral noradrenergic bundle (Delfs et al., 2000) as Figure 5 . CRF acts via CRF-R1 receptors to enhance glutamate release in the dlBNST. A, CRF induced increase in sEPSC frequency is blocked by preapplication of the CRF-R1 selective antagonist, NBI27914, but persists in the presence of the CRF-R2 selective antagonist, Astressin-2B. B, Bar graph demonstrating the effects of CRF-R1 and CRF-R2 antagonism on the ability of 300 nM CRF to alter sEPSC frequency. C, CRF does not alter sEPSC amplitude in the presence of either NBI27914 or Astressin-2B. D, Bar graph demonstrating the effects of CRF-R1 and CRF-R2 antagonism on the ability of 300 nM CRF to alter sEPSC amplitude. E, Bath application of 300 nM CRF results in a significant increase in mEPSC frequency as denoted by the shift in the cumulative probability distribution of the interevent interval. Inset, Bar graph demonstrating the average normalized increase in frequency (*p Ͻ 0.05). F, Bath application of 300 nM CRF does not result in a significant increase in mEPSC amplitude as denoted by the lack of a shift in the cumulative probability distribution of mEPSC amplitude.
well as a serotonergic input from the midbrain raphe nuclei (Commons et al., 2003) . Because cocaine can act at multiple transporters, it is possible that the effect on STP could be mediated independently of dopamine. To further examine the role of dopamine in mediating enhanced plasticity in the dlBNST, we examined the ability of the DAT-selective antagonist, GBR12909, to alter STP. Consistent with our previous results, we found that bath application of GBR12909 before induction of LTP (Fig. 7A , time course of application) led to an enhancement of STP ( p Ͻ 0.05, n ϭ 8 control, n ϭ 6 GBR12909) (Fig.  7B) . To further determine whether the dopamine system was responsible for cocaine-induced enhancement of STP, we applied the pan-dopamine receptor antagonist flupenthixol (10 M) with cocaine and observed that enhancement of STP was blocked (Fig. 7C ) (flupenthixol and cocaine, n ϭ 7; cocaine, n ϭ 16) (Fig.  7 E, F ) (n ϭ 6.43, p Ͻ 0.05). We next examined the role of dopaminergic signaling in the mediation of the effects of in vivo cocaine administration by examining the ability of cocaine to alter STP in D 1 R KO mice. Consistent with our results obtained performing ex vivo cocaine application, we found that STP was not significantly enhanced in D 1 R KO mice following injection of cocaine compared with saline injected mice (Fig. 7F ) (n ϭ 7 from four cocaine-treated animals; n ϭ 4 from 3 saline-treated animals).
Based on our observation that CRF-R1 activation was necessary to produce dopaminergic enhancement of spontaneous glutamatergic transmission, we tested whether the cocaine enhancement of STP may also act via CRF-R1 signaling. Thus, we coapplied NBI27914 (1 M) in conjunction with cocaine and found that this manipulation also blocked cocaine-induced enhancement of STP (Fig. 7D ) (NBI27914 and cocaine, n ϭ 7; cocaine, n ϭ 16) (Fig. 7 E, F ) (n ϭ 6.43, p Ͻ 0.05).
Discussion
Several lines of investigation indicate that a functional interaction between dopamine and CRF systems is involved in regulation of affective behavior, including drug abuse (Lu et al., 2003) and anxiety-like behavior (Meloni and Davis, 1999; Meloni et al., 2006) . While several studies have elegantly demonstrated that CRF can regulate the activity of dopaminergic neurons (Ungless et al., 2003; Riegel and Williams, 2008; Wanat et al., 2008) , to date, there is only one study examining the interaction of dopamine and CRF in the terminal field (Orozco-Cabal et al., 2008) . We found that in the dlBNST, a component of the extended amygdala which is activated by drugs of abuse and innervated by dopaminergic fibers, low concentrations of dopamine enhance excitatory transmission through activation of endogenous CRF signaling. Additionally, we show that cocaine can enhance NMDAR-dependent potentiation transiently which we refer to as STP in the dlBNST through recruitment of endogenous dopamine and CRF signaling. These results identify an anatomically distinct molecular mechanism by which the CRF system can alter the acute actions of drugs of abuse.
Mechanism of enhancement of glutamatergic transmission
Dopamine modulates synaptic transmission in different brain regions through a variety of mechanisms (Laviolette and Grace, 2006; Di Pietro and Seamans, 2007) . We found that in the dlBNST, application of dopamine enhanced sEPSCs, but not mEPSCs through D 1 -and D 2 -like receptor activation. Furthermore, the actions of dopamine appeared to be specific for excitatory transmission, as dopamine did not alter GABAergic transmission in the dlBNST (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Interestingly, the concentration of dopamine that elicited this effect in the dlBNST was similar to what has been shown to modulate synaptic transmission in the prefrontal cortex (Seamans et al., 2001) . One potential reason underlying this similarity could be the reduced expression of the dopamine transporter relative to regions such as the striatum and nucleus accumbens (Healey et al., 2008) . A cooperative requirement for D 1 and D 2 receptors in dopaminergic signaling has been previously shown in several brain regions, including the nucleus accumbens (Hopf et al., 2003) and prefrontal cortex (Wu and Hablitz, 2005) . In particular, a study from Hopf et al. (2003) suggested that the cooperativity between D 1 and D 2 receptors could be due to an intracellular signaling pathway interaction. Another potential reason for this interaction could be due to the presence D 1 /D 2 heterodimeric receptors in the dlBNST, as have been seen in other brain regions (So et al., The lack of an effect of dopamine on mEPSCs raised the possibility that the enhancement we observed was activitydependent, similar to the effects of dopamine on GABAergic transmission in the basolateral amygdala (Kröner et al., 2005) . To probe this possibility, we next investigated the ability of dopamine to alter the excitable properties of neurons within the dlBNST using a current-clamp approach. We found that dopamine robustly depolarized only a subpopulation of neurons in the dlBNST. Given the diversity of celltypes in the dlBNST (Rainnie, 1999; Egli and Winder, 2003; Levita et al., 2004; Hammack et al., 2007) , however, this was not necessarily a surprising result. Indeed, similar results were obtained when examining the ability of serotonin to modulate the excitable properties of neurons in the dlBNST (Levita et al., 2004) . Several previous studies have suggested that dopamine fibers target CRF containing neurons in the dlBNST in the rat (Phelix et al., 1994; Meloni et al., 2006) , a finding consistent with our results obtained in mouse. Based on this anatomical interaction, we hypothesized that dopamine could be enhancing excitatory transmission in the dlBNST via excitation of a distinct population of CRF positive neurons, causing them to release CRF, a known modulator of glutamatergic transmission (Ungless et al., 2003; Liu et al., 2004) . In keeping with this, we found that a CRF-R1 antagonist blocked the ability of dopamine to enhance excitatory transmission, suggesting that dopamine was engaging endogenous CRF-R1 signaling systems to induce this effect. It should be noted that another model consistent with our data are that dopamine could depolarize CRF positive extrinsic afferents, such as those from the central nucleus of the amygdala (CeA), to enhance glutamatergic transmission, which has been proposed to be a critical molecular component of anxiety like behavior (Walker and Davis, 2008) .
We went on to characterize the actions of CRF and found that it enhanced both sEPSC and mEPSC frequency, suggesting a presynaptic enhancement of function. Furthermore, we found that Urocortin I, an endogenous agonist of CRF receptors, enhanced spontaneous transmission in a similar manner. Similar actions of CRF have been reported in the CeA and the lateral septum mediolateral nucleus (Liu et al., 2004) . Based on these findings, we speculate that the CRF-R1 that are mediating this increased glutamate release are localized on presynaptic glutamatergic terminals in the dlBNST. In support of this possibility, a recent study from the Vale group demonstrated with a mouse with green fluorescent protein (GFP) expression driven by a CRF-R1 promoter that within the dlBNST there is a dense network of GFP positive fibers (Justice et al., 2008) . The authors went on to demonstrate that numerous GFP Figure 7 . Cocaine-induced enhancement of plasticity is dependent on dopamine and CRFR1 signaling. A, Diagrammatic representation of the time course of experiments shown in this figure. The arrow indicates tetanization. i, GBR12909 (10 nM) was bath applied for 30 min followed by a 60 min wash-out before tetanization. ii, Flupenthixol (10 m) was applied 30 min before cocaine followed by coapplication with cocaine. Antagonist was removed 10 min following the removal of cocaine, and tetanization was performed 50 min following removal of antagonist. iii, NBI27914 (1 m) was applied 30 min before cocaine followed by coapplication with cocaine. Antagonist was removed 10 min following the removal of cocaine, and tetanization was performed 50 min following removal of antagonist. B, Following tetanization, enhanced short-term potentiation was observed following exposure to GBR12909. C, Following application of cocaine in the presence of the pan-dopamine receptor antagonist, flupenthixol, there was no alteration in plasticity following tetanus. D, Following application of cocaine in the presence of the CRFR1 antagonist, NBI27914, there was no alteration in plasticity following tetanus. E, Quantification of effects of flupenthixol and NBI27914 on alterations in tetanus evoked plasticity following cocaine exposure (0 -20 min post-tetanus, *p Ͻ 0.05). F, Synaptic potentiation following tetanization (two 100 Hz 1 s trains with a 20 s interstimulus interval) in D 1 R KO mice receiving an acute injection of cocaine (20 mg/kg) or saline 30 min before being killed.
positive fibers were located close to CRF fibers, and support the possibility that CRF-R1 is localized in axon terminals. Indeed, a recent study hypothesized that CRF in the BNST can regulate glutamate release (Walker and Davis, 2008) . These lines of evidence support the hypothesis that CRF-R1 are located on presynaptic terminals originates; however, future experiments will have to be performed to confirm this possibility. Similar to our findings in which both ex vivo and in vivo dopamine recruit CRF signaling, Nie et al. (2004) demonstrated that ex vivo application of ethanol led to a CRF-dependent enhancement of inhibitory synaptic transmission in the CeA in a CRF-R1 dependent manner. The differences seen between these studies reinforce the idea of critical region-specific effects of drugs of abuse and neuropeptides. Furthermore, it is unclear if this was due to engagement of endogenous dopaminergic signaling. Finally, based on our results it is difficult to determine if dopamine is enhancing CRF release or upregulating CRFR1 function; however, given the TTX-dependence of dopamine's action, an increase in CRF release is a more likely mechanism.
Cocaine-induced enhancement of short-term potentiation
Given the ability of dopamine receptor signaling in the BNST to modulate cocaine self-administration (Epping-Jordan et al., 1998) , and previous studies that have demonstrated cocaine modulates plasticity (Thompson et al., 2005) , we sought to determine the ability of cocaine to modulate plasticity in the dlBNST. We found that cocaine transiently enhanced the potentiation of synaptic transmission observed post-tetanus, which we have referred to as STP. Similar to the effect of cocaine on LTP in the hippocampus (Thompson et al., 2005) , where dopamine acting at D 2 receptors was required for enhancement of plasticity, we found that this cocaine enhancement of STP in the dlBNST also was dependent on activation of dopamine receptors. Additionally, we found that the cocaine enhancement of STP in the dlBNST was CRF-R1 dependent. Finally, the effect of in vivo cocaine exposure was mimicked by an ex vivo cocaine exposure, suggesting that endogenous dopamine in the dlBNST can regulate CRF activity. Based on these findings, our results suggests that, similar to the whole-cell experiments, cocaine enhances dopamine signaling which then recruits the activation of endogenous CRF signaling. Similar to our findings, it has been reported that in animals chronically exposed to cocaine there is an enhancement of LTP in the CeA that is dependent on CRF-R1 activation (Fu et al., 2007) . Interestingly, while our results in the dlBNST indicate that dopamine-induced CRF signaling leads to an enhancement of STP, cocaine and CRF in both the hippocampus and the CeA lead to an enhancement of LTP.
While both dopamine and CRF have been shown to modulate induction of LTP, our results identify a novel mechanism, in which dopamine initiates a CRF-dependent enhancement of STP. This is particularly interesting as most studies investigating the interactions of dopamine and CRF have focused on the ability of CRF to influence DA neuron activity. This study provides the first electrophysiological evidence of a dopamine-induced CRFdependent phenomenon in naive animals. Together with a previous study that demonstrated dopamine receptor antagonism within the dlBNST alters cocaine self-administration (EppingJordan et al., 1998) , these results suggest that DA-CRF signaling in the dlBNST is involved in mediating the rewarding aspects of acute cocaine. These results could also provide an anatomical site of action for the ability of CRF-R1 antagonism to impair the behavioral effects of cocaine and other abused drugs. This is particularly interesting, as a recent study has suggested that CRF-R1 activation is required for alcohol-induced neuroplasticity (Pastor et al., 2008) .
Network implications
The dlBNST is exquisitely positioned to act as a relay between cortical regions associated with drug abuse, including the infralimbic and insular cortex (McDonald et al., 1999) , and both the reward and stress systems (Walker and Davis, 2008) . The brief enhancement of excitatory transmission brought about by CRF could engage a feedforward mechanism in which CRF from the BNST is activating DA neurons in the VTA, leading to increases in DA release in a number of critical target regions, including the prefrontal cortex, the nucleus accumbens and the BNST. A similar interaction between dopamine and CRF has been proposed to be involved in driving pathological anxiety-like behavior (Meloni et al., 2006) . Together, these results suggest that identifying novel targets which impair this regulation could prove useful for treating both drug-addiction and anxiety disorders.
